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Although the modified Young’s equation is frequently applied to evaluate the line tension of droplets,
debate concerning the value and even the sign of the line tension is ongoing. The reason for this is that
the line tension defined in the modified Young’s equation is not a pure line tension but an apparent
line tension, which includes the effects of the Tolman length and the stiffness coefficients. In this
paper, we employ molecular dynamics (MD) to simulate three-dimensional water nanodroplets on
platinum surfaces and determine their apparent line tensions by applying a linear fit to the relation of
the cosine of the contact angle to the curvature of the contact line. The effects of the Tolman length
and the position of the solid-liquid dividing interface on the measured line tension are investigated.
On the one hand, our results elucidate the reason why MD results for line tensions are so scattered
and also lend numerical support to Schimmele et al.’s theoretical predictions [“Conceptual aspects
of line tensions,” J. Chem. Phys. 127, 164715 (2007)]. On the other hand, our MD simulation results
demonstrate that the modified Young’s equation is a useful tool to predict the macroscopic contact
angle based on a linear fit of the measured contact angles at the nanoscale. The apparent line tension
is, however, sensitive to the chosen position of the solid-liquid dividing interface. © 2018 Author(s).
All article content, except where otherwise noted, is licensed under a Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5040574
I. INTRODUCTION
Over the past two decades, increasing effort has been spent
on understanding the behavior of droplets because of their use
in a variety of engineering applications, such as ink-jet printers,
spray cooling, spray combustion, and surface coating.1,2 Most
recently, research interest in nanodroplets has grown because
these have their own specific wetting and evaporation proper-
ties.3–5 Nanodroplets can provide a confined environment for
nanomaterial synthesis and form novel nanostructures through
liquid transition.6,7
The wetting of droplets of any size on solid surfaces
is a fundamental phenomenon. Generally, the contact angle
between the liquid-vapour interface and the solid surface
is used to describe the wetting property. From a mechan-
ical point of view, the contact angle is a balance between
the surface tensions (defined as the excess free energy per
unit surface of an interface separating two phases) of the
solid-vapour (γs3), the solid-liquid (γsl), and the liquid-vapour
(γ∞) interfaces. This balance is described by the well-known
Young’s equation,8
cos θY =
γsv − γsl
γ∞
, (1)
where θY is Young’s contact angle at equilibrium. Although
Young’s equation has some limitations, such as the absence
of a force balance in the direction normal to the solid surface,
it has been generally accepted as describing the equilibrium
a)Electronic mail: jun.zhang@buaa.edu.cn
wetting properties of droplets on planar, smooth, homogeneous
surfaces at the macroscale.9,10
At the nanoscale, the validity of Young’s equation remains
an open question.11–13 There is evidence that the contact angle
of nanodroplets on planar, smooth, homogeneous surfaces
could deviate significantly from that predicted by Young’s
equation.12,14–16 A reason proposed for this is that the wet-
ting of nanodroplets is determined not only by the balance
of surface tensions but also by the tension of the line where
the three distinct phases meet. By analogy with surface ten-
sion, line tension is defined as the excess free energy per unit
length of a three-phase contact line.17 As the size of a droplet
decreases, the relative proportion of molecules in the vicin-
ity of the contact line increases, so the effect of line tension
becomes more important. To take this into account, Young’s
equation has been modified to18
cos θ =
γsv − γsl
γ∞
− τ
γ∞a
= cos θY − τ
γ∞a
, (2)
where θ is the contact angle of nanodroplets, τ is the line ten-
sion, and a is the radius of the contact line. From Eq. (2),
we can see that if the line tension is positive, droplets will
present a larger contact angle than Young’s angle; if the line
tension is negative, droplets will present a smaller contact
angle.
Although the concept of a line tension is not new,17 its
sign, magnitude, and significance are still subject to con-
troversy. Theoretical analyses of line tension are based on
calculating the free energy per unit length in the region of
the three-phase contact line using either density functional
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theory19 or a model based on interface displacement.20 These
analyses indicate that the magnitude of the line tension is very
small, from 10−12 to 10−10 J/m. Such a small magnitude makes
its experimental measurement very challenging. For a review
of experimental methods and results, see Ref. 21. Recently,
high-resolution atomic force microscopy has also been used
to measure the line tension.22 However, the measured experi-
mental values cover a wide range, from 10−12 to 10−5 J/m. One
of the main reasons for this variation is the imperfections in
solid surfaces, such as surface roughness and defects, chem-
ical heterogeneities, and so on. Slight differences in surface
properties can produce large changes in the magnitude of the
line tension and even in its sign.
Molecular Dynamics (MD) has been employed to study
the wetting properties of nanodroplets on surfaces, as well as
the line tension behavior. The advantage of MD is that the
solid surface can be constructed to be perfectly smooth and
homogeneous. A popular way to measure line tension using
MD is to apply a linear fit to the relation of the cosine of the
measured contact angle to the radius of the contact line,23 as
given in Eq. (2). Since the seminal work using this method
conducted by Werder et al.,15 there have been a large num-
ber of MD results reported for the line tension of droplets. For
example, Weijs et al.16 investigated monatomic liquid droplets
(using the simple Lennard-Jones molecular model) and deter-
mined that the line tension was negative, with a magnitude in
the range 1.4 × 10−12–1.6 × 10−11 J/m. Dutta et al.24 studied
the wetting properties of water on graphite and boron-nitride
surfaces, and the line tensions were reported to be in the range
10−10–10−9 J/m for temperatures from 300 to 420 K. Barisik
and Beskok25 investigated water droplets on silicon surfaces
and reported line tensions from −4.5 × 10−11 to 3.5 × 10−11
J/m, depending on the wetting properties. It can be seen that
the line tensions of droplets span a wide range due to the
different materials of droplets and surfaces. Even when the
problem setups are the same, for example, pure water droplets
on graphite, the line tensions determined by different research
groups using MD are quite scattered. While the magnitude is
of the order of 10−11 J/m, the signs of the line tensions can be
either positive or negative.15,26,27
These discrepancies in the MD simulation results are not
just caused by computational errors but more importantly by
the definition of the line tension itself. As pointed out by
Schimmele et al.,28,29 the line tension defined in the modified
Young’s equation is not a “pure line tension” but an “appar-
ent line tension” that combines the pure line tension with the
effects of the Tolman length and the stiffness coefficients of the
contact line. The Tolman length measures the extent by which
the surface tension of a small liquid droplet deviates from its
planar value, and the stiffness coefficients of the contact line
represent the dependence of the line tension on the contact
angle and contact radius.
However, the difference between pure and apparent line
tensions has not been paid much attention by previous research.
Almost all reported MD results for the line tension are deter-
mined by fitting the MD data to the modified Young’s equation,
and so are apparent line tensions. At the nanoscale, the effects
of the Tolman length and stiffness coefficients on the contact
angle of droplets might be greater than the effect of the pure
line tension. This is why reported line tensions by MD sim-
ulations are so scattered. Recently, Kanducˇ30 employed MD
to study two-dimensional cylindrical water droplets on sur-
faces and found that the contact angle was size dependent.
This phenomenon seems counter-intuitive, as the contact line
of a cylindrical droplet is straight, and consequently the line
tension itself should not affect the contact angle. Kanducˇ30
concluded that the size-dependence of the contact angle of
cylindrical droplets is due to the effects of Tolman length and
stiffness coefficients.
In this paper, we employ MD to simulate three-
dimensional nanodroplets on platinum-type surfaces for both
hydrophobic and hydrophilic cases, and we obtain the appar-
ent line tension by fitting the MD data to the modified Young’s
equation. The effects of the Tolman length and the position
of the solid-liquid dividing interface on the measured line
tension are investigated separately. Our results elucidate why
the reported MD results of line tensions are so scattered and
give numerical support to Schimmele et al.’s theoretical pre-
dictions. Our results demonstrate that the modified Young’s
equation is a useful tool for predicting the macroscopic con-
tact angle based on a linear fit of the measured contact angles
at the nanoscale, although the line tension used in the modified
Young’s equation is the apparent value instead of the pure line
tension.
II. SIMULATIONS AND METHODOLOGY
Molecular dynamics (MD) simulations are performed
of 3D water droplets on platinum-like surfaces using the
mdFoamPlus solver31 within the OpenFOAM software, which
can be downloaded freely at www.github.com/micronanoflows.
The mdFoamPlus solver, which is an advance on the mdFoam
solver, is a highly parallel MD code written by the authors
and their collaborators. It has been validated for a variety
of micro/nanoflows and multiphase flows, especially droplet
wetting and evaporation.32–35
To prepare the pre-equilibrated water droplets, we first
set up a cubic simulation box of sides 20 nm and put a small
cubic box containing a certain number of water molecules in
the middle of the whole region. The system is controlled at
300 K using a Berendsen thermostat and is run for 2 ns, and
the water cubic box gradually becomes a sphere shape to reach
a minimum energy state. In our work, five different sizes of
droplets containing 2744, 4128, 5832, 8000, and 12 167 water
molecules are investigated, and the equilibrated sphere radii
are 2.66 nm, 3.05 nm, 3.42 nm, 3.80 nm, and 4.37 nm, respec-
tively. After getting the pre-equilibrated water droplets, we
put them on the platinum surface, as shown in Fig. 1(a). The
simulation domain is a cubic box of sides 25 nm, with peri-
odic boundary conditions applied in all three directions. The
platinum substrate is constructed of 8 layers of atoms in an
fcc structure with lattice constant 3.92 Å. The atoms in the
bottom four layers are fixed to their equilibrated lattice sites,
while the atoms in the top four layers are coupled to a Berend-
sen thermostat to control the temperature at 300 K throughout
the simulation. Note that we do not control the temperature of
water molecules in the spreading process. The Lennard-Jones
(LJ) pair potential is employed for the interactions between
082003-3 Zhang et al. Phys. Fluids 30, 082003 (2018)
FIG. 1. (a) Initial setup of the MD sim-
ulation box, including water droplet and
the platinum surface and (b) density
contour and contact angle measurement.
the platinum atoms, with the parameters Pt = 66.84 kJ mol−1
and σPt = 0.2471 nm.33
The rigid TIP4P/2005 model is used to simulate the water
molecules, as in our previous studies of water droplet wet-
ting and evaporation.33,34 In this model, a water molecule
comprises one oxygen site (no charge), two hydrogen sites
(0.5564e), and one massless site M (−1.1128e). The inter-
actions between water molecules are both LJ potential and
Coulomb forces. Specifically, the LJ potential is only applied
to oxygen sites, with parameters O = 0.7749 kJ mol−1 and
σO = 0.3159 nm,36 while the Coulomb potential is applied to
the sites with charges. To fix the geometry of water molecules
with an O−−H distance of 0.095 72 nm and an H−−O−−H angle
of 104.52◦, Hamilton’s quaternions are employed.
The water-platinum interactions are based on LJ pair
potentials between the oxygen atoms and the platinum atoms.
The potential parameters are determined using Lorentz-
Berthelot mixing rules, i.e.,
σPt−O =
σPt + σO
2
, (3)
Pt−O = λ
√
Pt × O, (4)
where λ is a parameter used to adjust the interaction strength
and hence the wetting properties. In our simulations, we choose
λ to be 0.10 or 0.25 to simulate a hydrophobic surface or a
hydrophilic surface, respectively.
A cell-list algorithm is used for computing pair poten-
tials, and the Velocity Verlet algorithm is employed to update
molecular velocities and positions with an integration time
step of 1.67 fs. Previous studies showed that a cutoff radius of
1.2 nm without Ewald sums can provide acceptable accuracy
with computational efficiency,15,32,33 and so it is adopted in
this paper. The full MD system is first run for 2 ns to produce
the nanodroplet spreading on the surface and reach an equi-
librium state. Then the simulation is run for another 2 ns of
averaging time in order to measure the density contours and
the equilibrium contact angle.
We sample the water molecules in cylindrical bins that
have the defined solid-liquid dividing interface as their zero
reference level and that have a normal line through the center
of mass of the droplet as their reference axis. The bins are of
equal volume and each extends 0.2 nm in height. To extract the
contact angle from the density contours, a standard method is
to fit the liquid-vapour interface to a circle;15,33,37,38 the liquid-
vapour interface is determined and captured by the points in
the cylindrical bins that have half the bulk density of the liquid
phase; then, a circular fit is made through these points and
extrapolated to the solid-liquid dividing interface, as shown
in Fig. 1(b). Note that the water density oscillates close to
the solid surface so the points of the determined liquid-vapour
interface below a height of 2σO from the solid surface are
ignored in making the circular fit. The contact angle is then
obtained as the angle between the tangent line to the fitting
circle and the solid-liquid dividing interface. Correspondingly,
the contact radius is obtained as the distance from the centre
of the droplet to the intersection of the tangent line with the
solid-liquid dividing interface.
III. RESULTS AND DISCUSSIONS
We study both hydrophobic and hydrophilic cases by
choosing specific parameters for the water-platinum inter-
action strength, as explained in Sec. II. For each wetting
case, five different droplets comprising 2744, 4128, 5832,
8000, and 12 167 water molecules are simulated in order to
study the size-dependence of the contact angle and to deter-
mine the line tension. The solid-liquid dividing interface is
first defined as the plane of the topmost solid atoms. The
effects of the Tolman length and the solid-liquid dividing
interface on the line tension are discussed separately in this
section.
A. Effect of the Tolman length
The straightforward way to determine the line tension
is using the modified Young’s equation. Similar to previous
MD studies,15,16 we show the relationship between the cosine
of the contact angle and the curvature of the contact line
that our MD results produce in Fig. 2. Note that the con-
tact radius is normalized by σO for clarity. Based on linear
fits to the two series of data in Fig. 2, the line tensions are
determined as 1.23 × 10−11 J/m and 4.75 × 10−11 J/m for
the hydrophobic and hydrophilic cases, respectively. The line
tension is predicted to be positive, which means that smaller
water droplets shrink on the surface and have a larger contact
angle. The magnitudes of the line tensions are of the same
order as those reported by Werder et al.15 for water droplets
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FIG. 2. Cosine of the contact angle θ as a function of the curvature of the
contact line (1/a) for simulated water droplets. The red squares are data for
the hydrophobic surface; blue diamonds are data for the hydrophilic surface.
The dotted-dashed lines are linear fits to the data points in each case, and the
apparent line tensions are determined from their slopes.
on graphite, where the line tensions were always positive, no
matter how large the interaction strength between water and
graphite. On the other hand, Barisik and Beskok25 investi-
gated water droplets on silicon surfaces and found that the
line tension is positive for the hydrophobic case but negative
for the hydrophilic case. These results demonstrate that the
line tension is dependent not only on the wetting properties
but also on the surface materials themselves and their lattice
structures.
It should be noted that the characteristic radii of the water
droplets at equilibrium in our simulations are several nanome-
ters. At such a small scale, the effect of the curvature on
the liquid-vapour surface tension becomes important, and this
results in the surface tension of a droplet deviating from its
planar value. According to previous theoretical analyses and
experiments, the curvature-dependent surface tension can be
written as follows (and neglecting other terms above the first
order):39,40
γlv(R) = γ∞
(
1 − 2δ
T
R
)
, (5)
where R is the droplet radius, γ∞ denotes the liquid-vapour
surface tension of a complete flat surface, and δT is the Tolman
length. Replacing the surface tension of a flat surface γ∞ used
in Eq. (2) by the curvature-dependent surface tension γlv(R)
defined in Eq. (5), we obtain
cos θ = cos θY − 1
γ∞a
(τ∗ − δTγ∞ sin 2θY ). (6)
It can be seen that the line tension τ in Eq. (2) is replaced
by τ∗ − δTγlv sin 2θY in Eq. (6). Therefore, we can still use
a line fit to the relation of the cosine of the contact angle to
the curvature of the contact line; the only change is that the
slope of the fitting line is −(τ∗ − δTγlv sin 2θY )/γ∞ instead of
−τ/γ∞. For the sake of comparison, we refer to τ in Eq. (2)
as the apparent line tension and τ∗ in Eq. (6) as the modified
line tension that incorporates the effect of Tolman length. Note
that other effects are still included in τ∗, so it is not a pure line
tension; our aim here is to study how the Tolman length affects
the measured line tension, rather than to obtain a value of the
pure line tension.
By comparing Eqs. (2) and (6), a simple relationship
between the modified and apparent line tensions is
τ∗ = τ + δTγ∞ sin 2θY . (7)
Despite the controversies about the value and even the sign of
the Tolman length in the past, recent experimental41 and theo-
retical studies30,42 approach a consistent value of−0.05 nm for
the water-vapour interface. A negative Tolman length means
that a convex curved surface tends to flatten itself. According
to our previous MD studies,33 the liquid-vapour surface ten-
sion of a flat water surface using the TIP4P/2005 water model
at 300 K is 63.9 mN m−1. We use these two values for the
Tolman length and surface tension in Eq. (7) to determine the
modified line tension.
As the Tolman length is negative, the modified line ten-
sion is smaller (larger) than the apparent line tension when the
Young’s contact angle θY is in the range 0◦–90◦ (90◦–180◦).
Using Eq. (7), we determine that the modified line tensions
in the two series of data are 1.53 × 10−11 J/m and 4.44
× 10−11 J/m for the hydrophobic and hydrophilic cases, respec-
tively. The differences between the modified and the apparent
line tensions are 25.0% and 6.6% for the hydrophobic and
hydrophilic cases, respectively, which means that the Tolman
length plays an important role in the measured line tension.
Besides our results (pink circles) in Fig. 3, we include
other reported MD results for the apparent line tensions of
water droplets on a variety of surfaces. The green squares
represent the results of water droplets on graphite obtained
by Werder et al.,15 the blue triangles represent the results of
water droplets on graphene obtained by Włoch et al.,43 and the
red diamonds represent the results of water droplets on silicon
obtained by Barisik and Beskok.25 The corresponding modi-
fied line tensions determined using Eq. (7) are also shown as
black symbols for comparison. It can be seen that the differ-
ences between the apparent and the modified line tensions are
FIG. 3. Comparison of apparent and modified line tensions for water droplets
on a variety of surfaces. Apparent line tension: green squares denote water
droplets on graphite (Werder et al.); blue triangles denote water droplets
on graphene (Wloch et al.); red diamonds denote water droplets on silicon
(Barisik and Beskok); pink circles denote our work for water droplets on
platinum. Modified line tension: black symbols for the corresponding data.
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FIG. 4. A sessile liquid droplet on a planar solid surface. The solid black line
denotes the position of the topmost layer of substrate atoms, and the dashed
line denotes the solid-liquid dividing interface, where the contact angle is
measured.
negligible when the Young’s contact angle is close to 90◦, while
the differences are larger if the surfaces are very hydrophilic or
hydrophobic. The maximum relative error between the appar-
ent and modified line tensions is up to 232% for the case of
water on graphene with a contact angle of 148.2◦. In such
cases, the effect of the Tolman length needs to be considered
for the evaluation of line tension.
All the data, including our results, presented in Fig. 3
are scattered and span a wide range from −4.5 × 10−11 J/m to
6.4× 10−11 J/m. There is no clear relationship between the line
tensions and the wetting properties (Young’s contact angle).
This indicates that, besides the Tolman length, other effects
are important.
B. Effect of the solid-liquid dividing interface
Even for water droplets on graphite surfaces, the line ten-
sions reported by different research groups using MD are quite
scattered and are either positive or negative.15,26,27 Besides
the Tolman length, the position of the solid-liquid dividing
interface might be an important factor for the scattering of the
measured line tensions. In this subsection, we choose different
solid-liquid dividing interfaces and check how these change
the contact angle and the line tension. As illustrated in Fig. 4,
the solid-liquid dividing interface is set at δh above the top-
most layer of substrate atoms. We obtained MD results for
δh = σO and δh = 2σO to compare with the results for δh = 0
presented in Fig. 2.
As shown in Fig. 5, different solid-liquid dividing inter-
faces produce different contact angles for the water droplets
FIG. 5. Comparison of results for different solid-liquid dividing interfaces
for water droplets; δh is the distance from the topmost layer of solid substrate
atoms to the user-defined solid-liquid dividing interface.
on the platinum surface. Consequently, the apparent line ten-
sion determined by a linear fitting is dependent on the interface
location. Specifically, for the hydrophobic case, the apparent
line tension changes from 1.23 × 10−11 J/m with δh = 0 to
−1.38 × 10−12 J/m with δh = σO and −2.08 × 10−11 J/m with
δh = 2σO; for the hydrophilic case, the apparent line tension
changes from 4.75 × 10−11 J/m with δh = 0 to 2.77 × 10−11
J/m with δh = σO and 1.05 × 10−11 J/m with δh = 2σO. As the
height of the solid-liquid dividing interface increases, the mea-
sured apparent line tension decreases. It is interesting to note
that the sign of the measured line tension for the hydrophobic
case changes to negative if δh > σO. For the hydrophilic case,
our results with δh ≤ 2σO are always positive, but there is a
trend toward the measured line tension being negative if δh
becomes larger.
These findings may explain the controversial results for
the apparent line tension reported in the literature, as it is so
sensitive to the position chosen for the solid-liquid dividing
interface. A value for the apparent line tension is only mean-
ingful if the solid-liquid dividing interface is also defined.
Schimmele et al.28 derived an expression for the difference
between two apparent line tensions (∆τ) caused by the dis-
tance between two arbitrary solid-liquid dividing interfaces
(∆h) as follows:
∆τ = γlv∆h sin θY . (8)
According to Eq. (8), the differences in two measured appar-
ent line tensions with different solid-liquid dividing inter-
face locations (δh = 0 and δh = 2σO) for hydrophobic and
hydrophilic cases are 3.26 × 10−11 J/m and 2.52 × 10−11
J/m, respectively. On the other hand, our MD results pre-
sented in Fig. 5 showed that the corresponding differences
are 3.31 × 10−11 J/m and 3.70 × 10−11 J/m for the hydropho-
bic and hydrophilic cases, respectively. It can be seen that the
prediction of Eq. (8) and the MD result are quantitatively con-
sistent for the hydrophobic case, while they are in qualitative
agreement for the hydrophilic case. Essentially, our MD results
provide numerical support to Eq. (8).
To determine the pure line tension, the effects of the Tol-
man length and the position of the solid-liquid dividing inter-
face must be taken into account simultaneously. Schimmele
et al.28 gave a theoretical formula considering these effects as
follows:
cos θ = cos θY +
1
γlva
×
{(
2δTγlv − dτdθ
) sin θY cos θY − τ′ − a dτda }, (9)
where τ′ is the pure line tension and dτdθ  and dτda  are the stiff-
ness coefficients of the contact line. As analyzed by Schimmele
et al.,28 while the pure line tension is independent of the divid-
ing interface, the stiffness coefficients represent the depen-
dence of the apparent line tension on the chosen position of
the dividing interface.
So far, there have been no MD simulations of three-
dimensional droplets to obtain the pure line tension of droplets
because the effects of the Tolman length and the stiffness
coefficients are coupled, as seen in Eq. (9). Even the two stiff-
ness coefficients themselves dτdθ  and dτda  are inherently not
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distinguishable and can only be investigated simultaneously,
making their direct calculation quite difficult. If the effect of
the stiffness coefficients is negligible, i.e., dτdθ  = 0 and dτda  = 0,
then Eq. (9) reverts to Eq. (6).
For the sake of simplicity, Kanducˇ30 investigated two-
dimensional cylindrical water droplets to study the effect of
dτ
dθ
, while he dismissed the effect of dτda  because the length and
the curvature of the three-phase contact line are independent
of the droplet size in a cylindrical water droplet. He reported
that the stiffness coefficient dτdθ  makes a contribution to the
contact angle comparable to the pure line tension, especially
for hydrophilic surfaces.
It should be noted that although the apparent line ten-
sion is related to the effects of the Tolman length and the
position of the solid-liquid dividing interface, the predicted
macroscopic contact angle (at 1/a = 0 in Fig. 5) is invari-
ant, based on a linear fit of the measured contact angle at
the nanoscale and extrapolation to the macroscopic limit. This
means that the modified Young’s equation is a better tool to
predict the macroscopic contact angle, instead of the pure line
tension.
IV. CONCLUSIONS
We have employed MD simulations to study three-
dimensional nanoscale water droplets on both hydrophobic
and hydrophilic surfaces. By simulating different sizes of nan-
odroplets for each wetting property, we identified the apparent
line tension by fitting the cosine of the contact angles to the
curvature of the contact line. Our MD simulation results also
demonstrated that both the Tolman length and the chosen posi-
tion of the solid-liquid dividing interface significantly affect
the value and even the sign of the measured line tension.
A value for the apparent line tension is only meaningful if
the location of the solid-liquid dividing interface is also spec-
ified. This may explain why previous reported results for the
line tension are so scattered. On the other hand, our simula-
tion results demonstrated that the modified Young’s equation
is a useful tool for predicting the macroscopic contact angle
based on a linear fit of the measured contact angles at the
nanoscale, although the line tension defined in the modified
Young’s equation is not the pure line tension but the apparent
line tension.
We have considered the effects of the Tolman length and
the stiffness coefficients separately, so we have not obtained
the pure line tension for three-dimensional droplets. Identify-
ing this is challenging because the pure line tension and the
effects of the Tolman length and the stiffness coefficients are
entangled, as seen in Eq. (9). Research in this direction would
be useful future work.
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